and DGluRIII in wild-type and DGluRIII mutant larvae in the probability of neurotransmitter release from indi- (Figures 1A-1D ). DGluRIII staining is dramatically revidual release sites [2-4], and there is a correlation beduced in the mutant, but those puncta that are visible colocalize with active zones. Because DGluRIII is thought to function as a component of a heteromulti-
Introduction

Glutamate Receptor Localization and Function in the DGluRIII Mutant Proper synaptic function requires the precise apposition
We have previously generated a strong hypomorphic of pre-and postsynaptic elements. The mechanisms by mutation of DGluRIII by rescuing a genetic null for which this is achieved, however, remain unclear. A single DGluRIII with low-level expression of wild type DGluRIII postsynaptic cell may receive thousands of individual protein (from here on referred to as the DGluRIII mutant) inputs, so postsynaptic neurotransmitter receptors are [10] . Analysis of glutamate receptor (GluR) expression confronted with thousands of potential sites at which in this DGluRIII mutant revealed faint puncta of staining to cluster. One mechanism limiting this choice is transwithin the synaptic region [10] . To investigate whether mitter phenotype; glutamate receptors, for example, these puncta could represent functional receptors, we only cluster opposite glutamatergic active zones [1] . first asked whether they localize opposite active zones. Within this collection of glutamatergic active zones, We double stained NMJs for an active-zone marker [12] there is much heterogeneity. There are large differences and DGluRIII in wild-type and DGluRIII mutant larvae in the probability of neurotransmitter release from indi-( Figures 1A-1D ). DGluRIII staining is dramatically revidual release sites [2] [3] [4] , and there is a correlation beduced in the mutant, but those puncta that are visible colocalize with active zones. Because DGluRIII is thought to function as a component of a heteromulti-*Correspondence: diantonio@pcg.wustl.edu Figure 1E ). Although the intensity of all receptor puncta that there are no unknown receptors that are capable of mediating a substantial glutamate response in the is down, it appears that some active zones have relatively high levels of apposed receptors, whereas many DGluRIII mutant. Because the anatomy indicates a nonrandom distribuothers have no detectable receptor (see inset in Figure  1D ). We wondered whether residual receptors are unition of receptors, we wondered whether this was reflected in the physiological function of the synapse. formly localized opposite active zones or, alternatively, whether receptors preferentially cluster opposite certain Spontaneous miniature excitatory junctional potentials (mEJPs) result from the postsynaptic response to the active zones. To investigate this question, we compared the distribution of glutamate receptor intensities opporandom fusion of a transmitter-loaded vesicle from a single active zone. In the DGluRIII mutant, mEJP events site each active zone from wild-type and mutant synapses. If receptors are allocated opposite active zones are small and scarce ( Figures 2C and 2D) . However, the mean mEJP amplitude in the mutant is only 2.5-fold less in the same manner in the mutant as in the wild-type, then scaling the wild-type distribution by 18 (the differthan that in the wild-type ( Figure 2E ) (p Ͻ 0.001), whereas the mEJP frequency is reduced 14.4-fold ( Figure 2E ) ence in mean intensities) should mimic the mutant distribution. However, these distributions are significantly dif-(p Ͻ 0.001). Although a reduction in mEJP amplitude would be expected to decrease the mEJP frequency ferent ( Figure 1F ) (Kolmogorov-Smirnov test, p Ͻ 0.001). The mutant has many more active zones with relatively (because the smallest events are lost in the noise), scaling the wild-type mEJP amplitude distribution by 2.5-brighter apposed GluR puncta, and many more with no detectable GluR puncta, than would be expected from fold would only predict a 0.2-fold reduction in frequency (based on average noise levels of 0.15 mV). These data a uniform 18-fold scaling. We conclude that receptors preferentially localize opposite certain active zones in are, therefore, not consistent with a uniform scaling of the wild-type distribution. Instead, the dramatic dethe mutant.
To investigate the function of these receptors, we crease in mEJP frequency is likely due to the near ab- At glutamatergic synapses of hippocampal neurons, larger active zones have a higher probability of neurotransmitter release [5] . If the same is true for the Drosophila NMJ, then our findings suggest that glutamate receptors preferentially cluster opposite higher-probability release sites. These higher-probability release sites will fire in the presence of a low concentration of external calcium, whereas lower-probability release sites will be progressively recruited as the external calcium concentration rises. If GluRs preferentially cluster opposite the high-probability release sites in the mutant, then we predicted that the excitatory junctional current (EJC) would be more impaired at high calcium than at low calcium levels. To test this hypothesis, we measured the amplitude of evoked synaptic events in the mutant and wild-type at both low and high external calcium levels. At a low calcium level (0.47 mM), there was no difference between the EJC amplitude of the wild-type synapse and that of the mutant synapse ( Figure 4A preferentially clustered opposite high-probability release sites in the mutant. However, a second possibility opposite sites of higher relative presynaptic release, must be considered. At low calcium, evoked release is then saturation of the postsynaptic response at higher normal in the mutant despite the 2.5-fold decrease in calcium is not due to a failure of presynaptic release. quantal size. This implies that presynaptic release is There is more release, but because it occurs at sites upregulated in the mutant to maintain synaptic strength.
with fewer receptors, there is minimal effect on the postSuch homeostatic compensation is a well-described synaptic current. To distinguish between these possibilifeature of this synapse [9, 11, 13, 14]. Because release ties, we directly measured presynaptic release rates at is upregulated in the mutant, the failure to achieve wild-0.47 mM and 1.5 mM calcium to determine whether type synaptic function at high calcium levels may reflect the plateau in EJC magnitude reflects saturation in the a saturation of the presynaptic release machinery. presynaptic release rate. Hence, two scenarios could explain the failure to achieve wild-type synaptic function. First, if presynaptic release Presynaptic Release Is Not Saturated is approaching saturation, then moving from low to high in the DGluRIII Mutant calcium will recruit less neurotransmitter release in the To investigate whether presynaptic release is saturated, mutant than in the wild-type. Figure  4B ) is actually greater than the increase in release rate as measured by bafilomycin rundown (5-fold, Fig 5A) . Therefore, we conclude that the rate of bafilomycininduced rundown is sensitive to changes in the presynaptic release rate; potentially, it underestimates the real release rate. We next applied this method to the DGluRIII mutant to examine synaptic function at 0.47 mM and 1.5 mM calcium. The bafilomycin-induced rundown at 0.47 mM calcium is described by a time constant of 2132 Ϯ 20.6 stimuli, whereas the rundown at 1.5 mM calcium is much faster ( ϭ 455.1 Ϯ 4.2 stimuli) ( Figure 5B ). These rates of rundown are very similar to the rundown rates observed at wild-type synapses. Because the rate of rundown depends on both the number of vesicles released and the size of the pool from which they are drawn, we cannot conclude that the absolute amount of release in the mutant and wild-type are the same. However, we can conclude that the relative change in release from 0.47 to 1.5 mM calcium is the same in the mutant and the wild-type. This is in contrast to the significant difference in EJC amplitudes between the two genotypes. Whereas a 5-fold increase in release rate at the wildtype synapse gave rise to a 10.5-fold increase in EJC amplitude, a very similar 4.7-fold increase in release at limited. To investigate whether this mechanism might To test this method, we examined the wild-type synfunction at the wild-type synapse, we quantified the apse at different calcium concentrations. As shown in relationship between the intensity of GluR staining at Figure 5A , the presence of bafilomycin caused a proan individual punctum and the size of the apposed active gressive decrease in the EJC amplitude at 0.47 mM and zone. We have previously demonstrated that the inten-1.5 mM calcium concentrations; rundown in the absence sity of GluR staining correlates with the expression of of bafilomycin was negligible at both the wild-type and glutamate receptors and their effect on quantal size mutant synapses (data not shown). As expected, the [9-11]. We binned receptor puncta into three equally rate of rundown is faster at higher calcium concentrasized groups based on intensity. There is a strong corretions (and therefore higher release rates). To quantify the rate of rundown, we fit the data for each calcium lation between the intensity of GluR staining and the priate HL3 solution. The dissected larvae were incubated for 15 min at room temperature in bafilomycin before recording.
Immunohistochemistry
The miniature EJP events were analyzed with MiniAnalysis softThe rabbit anti-DGluRIII antibody is specific for DGluRIII [10] and ware (Synaptosoft); events were identified by hand. mEJP events was used at a 1:2500 dilution. The mouse monoclonal NC82 (gift of originating from the adjacent segment were identified based on their Erich Buchner) stains active zones [12] and was used at a 1:100 slower kinetics and not included in the analysis. Approximately 100 dilution. The antigen recognized by NC82 has not been identified. mEJP events were analyzed per cell in the wild-type; reported n is Secondary antibodies were obtained from Molecular Probes and the total number of miniature events. Analysis of evoked events was used at a 1:1000 dilution. Immunocytochemistry was performed as carried out in pClamp 9.0 (Axon Instruments). Fifty to 100 events described by Marrus et al. [10] . Larvae were imaged on a Nikon C1 per cell were averaged together and the amplitude of the averaged confocal microscope. For Figure 1 , images of mutant larvae were trace was measured with the cursor feature in pClamp; reported n acquired in conjunction with a wild-type control that had been simulis the number of cells analyzed. EJC kinetics were measured in taneously stained. The same confocal gain setting was used for pClamp for the averaged EJC from each cell. There is no difference both the wild-type and mutant larvae and was set so that neither in the decay kinetics of the EJC from the wild-type and DGluRIII the red nor the green signal was saturating in the wild-type. For mutants. Analysis of bafilomycin data was carried out as follows. Figures 3 and 6 , where single genotypes were analyzed, the confocal The first ten events of every experiment were discarded because a gain was set so that neither the red nor the green signal was saturatrundown of these events typically occurs even in the absence of ing. For these figures, z stacks were taken throughout the NMJ, bafilomycin. No significant rundown of the subsequent train of events and maximum projections were analyzed. All images shown are of was observed in the absence of bafilomycin. The events of each cell for muscle 4, but the results described with the DGluRIII mutant were a particular calcium concentration were averaged and normalized to consistent throughout all the muscles and from both type Ib and Is the first event; the results were fit with a single exponential decay motoneurons. equation in Origin. Origin 7.0 (OriginLab Corporation) was used for Metamorph software was used for quantitative analysis of staining generating cumulative histograms, calculating best-fit curves, and intensities and active-zone size. Thresholds for all images were calculating p values. set in the red (active zone) channel without regard to green (GluR) staining. Although most active zones were distinct, occasional overlapping active zones were manually separated with the line delete Acknowledgments tool. Once active zones were defined, their size was measured, as was the intensity of the apposed GluR staining. For Figure 6 ral activity affects distribution of glutamate receptors during neuromuscular junction formation in Drosophila embryos. Dev.
